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Abstract

Background and objectives: Lasting LPS stimulation changes macrophages toward the M2 phenotype therefore
resulting in immunodepression. Melatonin can improve sleep, adjust the time difference, regulate immunity, and
anti-tumor. This study is to observe whether melatonin can induce M2 macrophage apoptosis to reverse lasting
LPS-induced immunodepression for lung cancer prevention and explore the possible mechanism.

Methods: The effects of LPS alone or in combination with melatonin on macrophage phenotypes were assessed
by surface markers, morphological changes, cytokines, autophagy, and autophagic efflux. The anti-cancer effect
was evaluated in the lung carcinogenic model and lung cancer allograft model. Melatonin-related targets and
pathways were predicted by network pharmacology.

Results: Single LPS stimulation polarized macrophages to M1 phenotype, whereas LPS stimulation lasting for 7d
polarized macrophages to M2 phenotype. However, combination treatment of lasting LPS and 10 uM melatonin
inhibited the polarization of macrophages towards an M2-like phenotype and exerted a continuous antitumor
effect. In the urethane-induced lung carcinoma model, long-lasting LPS administration (>4 times) facilitated mac-
rophage polarization toward the M2 phenotype and promoted lung carcinogenesis, which was abrogated by mac-
rophage depletion, while melatonin alone or in combination with lasting LPS could decrease M2-like macrophag-
es and prevented carcinogenesis. In the Lewis lung cancer allograft model, melatonin decreased M2 macrophages
and promoted the tumor-suppressing effect of short-term LPS administration (<4 times). Network pharmacology
indicated that melatonin regulates macrophages by targeting the multi-protein network.

Keywords: Melatonin; Macrophage phenotype; LPS, Carcinogenesis; Clinical applica-
tion.
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Conclusions: Melatonin as a key maintainer of mac-
rophage phenotype can induce LPS-stimulated M2
macrophage apoptosis to reverse system immunode-
pression for lung cancer prevention.

Introduction

Cancer is one of the leading causes of human disease-related
death, and much attention regarding cancer treatment has focused
on targeting and killing the tumor itself, e.g., radiation, chemo-
therapy, and targeted therapy.!~> Recently, cancer immunotherapy
has become one of the most promising therapeutic pillars in im-
proving patient survival.®” Unlike other cancer treatments, can-
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cer immunotherapy activates the host’s immune system or relieves
“immune exhaustion” in the tumor environment to eliminate cancer
cells.? The data analysis of front-line anti-CTLA4 therapy exhibited
that the long-term survival in 20% of terminal metastatic melanoma
patients reached an inspiring high value that had never appeared be-
fore in other therapy, indicating an exciting success in cancer im-
munotherapy that can provide hope of becoming “super-survivors”
to incurable cancer patients.>!? Nevertheless, response rates with
the most promising immunotherapy, such as PD-1 inhibitors, which
as the representative of immune-checkpoint-blockade (ICB) could
mediate the regeneration of depletion T cells, only exhibit a mod-
est 20% overall survival benefits in many solid tumors, besides,
CAR-T cell therapy was reported to result in cerebral edema and
cytokine release storms.!! In addition, a more recent clinical report
showed that PD-1 inhibitors could speed up tumor growth and pro-
mote tumor hyperprogression in 9% of cancer patients, indicating
a need to optimize cancer immunotherapeutic approaches. Current
immunotherapies mainly activate tumor-infiltrating T lymphocytes
and natural killer cells without regard to environmental changes
that can cause various dysfunctional states of T cells, for example,
senescence, tolerance, exhaustion, and energy.'? In fact, antitumor
T cell immunotherapies originally exhibited responses but subse-
quently became resistant during prolonged antigen exposure due to
“immune exhaustion” induced by the immunosuppressive microen-
vironment that is shaped by tumor-associated inflammatory cells.!3
Obviously, effective tumor immune rejection relies not only on an-
tigen exposure-induced adaptive immune responses but also on the
innate immune surveillance-regulated microenvironment.'*

Tumor-infiltrated macrophages (TIMs), M2-like macrophages,
are major inflammatory cells infiltrating the tumor microenviron-
ment and are responsible for the immunosuppressive microenviron-
ment and tumor progression.'s If macrophage-mediated phagocyto-
sis is suppressed, it will give rise to immune evasion of tumors.'¢
In the clinic, TIMs are positively related to high-tumor grade and
certain poor prognosis in various cancers. In mouse cancer models,
TIM depletion or reeducation can reverse their tumor-promoting
functions.'”!8 In addition, innate macrophages also play important
roles in the intratumor infiltration of CD8 cytotoxic T cells and the
establishment of the long-lived memory lymphocytes. Therefore,
targeting TIMs to reawaken innate immunity has emerged as a new
cancer immunotherapy strategy.!” However, up until now, anti-TIM
therapies are not only at risk of systemic toxicities but also may be
adapted and escaped by macrophage pool rapidly.!® As is known
to all, activated macrophages can polarize into antitumor M1 and
protumor M2 phenotypes.?’ LPS can polarize macrophages toward
the M1 phenotype, but lasting stimulation results in immune toler-
ance.?! Melatonin, a neurohormone, secreted by the pineal gland
and can improve sleep, adjust the time difference, regulate immuni-
ty, and anti-tumor.?? This study is to investigate whether the combi-
nation of LPS and melatonin can induce M2 macrophage apoptosis
to cause a lasting lung cancer-preventing effect.

Materials and methods

The preparation of the “Materials and Methods” section followed
the Animal Research: In Vivo Experiments (ARRIVE) guidelines
(see Supplementary File 1),

Materials

Melatonin (purity > 98%) was bought from Lianshuo Biotechnol-
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ogy Co., Ltd. (Shanghai, China). Urethane, LPS, and filipin were
purchased from Sigma Chemical Co (St. Louis, MO, USA). Anti-
F4/80-coated beads were purchased from BioCep (Israel). An-
tibodies used included anti-mouse-arginase, anti-mouse-iNOS,
anti-mouse-F4/80, anti-mouse-CD8, anti-mouse-Foxp3, Cy3-con-
jugated anti-mouse CD86, PE-conjugated anti-mouse CD163, and
FITC-conjugated goat anti-mouse IgG were obtained from BD
Pharmingen or Proteintech (Shanghai China). Horseradish peroxi-
dase (HRP)-conjugated goat anti-mouse IgG polyclonal antibody
and peroxidase substrate DAB (3, 3’-diaminobenzidine) were ob-
tained from Nichirei Bioscience (Tokyo, Japan).WP1066, DCFH-
DA, MBCD, and LY294002 were bought from Beyotime (Shanghai
China). ELISA kits for a mouse (IFN-y, TGF-p1, IL-2, IL-10, and
ROS) and Annexin V-FITC Apoptosis kit were obtained from R&D
Systems. L-arginine and nitric oxide assay kits were obtained from
Nanjing Jiancheng Bioengineering Institute. Standard rodent chow
was purchased from Henan Provincial Medical Laboratory Animal
Center (Zhengzhou, China), License No. SCXK (YU) 2015-0005,
Certificate No. 41000100002406. Liposome-encapsulated clodro-
nate (LEC) was prepared as described previously.?

Cell culture and assay

Raw264.7 macrophages and the Lewis lung carcinoma (LLC) cells
were from ATCC, purchased from the Chinese Academy of Sci-
ences, and grown in RPMI1640 medium supplemented with 10%
(v/v) fetal bovine serum (FBS) in a humidified atmosphere con-
taining 5% CO, and 95% air at 37 °C. Raw264.7 macrophages
were seeded in 24-well plates and stimulated with 10 ng/mL LPS
or 10 ng/mL IL-10 for 24 h to obtain M1-like (M1) and M2-like
(M2) macrophages. To collect cell-conditioned medium, M1-like
or M2-like cells were cultured for 24 h in the medium without se-
rum, centrifugated, and filtered to collect the supernatant as M1 or
M2 cell-conditioned medium (M1-CM and M2-CM, respectively).
The supernatant levels of IFN-y, IL-10, TNF-o, NO, TGF-B1 and
PD-L1 were tested by ELISA kits.2*

For analysis of proliferation, LLC cells were seeded in a 96-well
plate (1 x 103 cells/mL) and treated with M1, M2, or MO cell-con-
ditioned medium for 48 h, M1-like or M2-like cells were given LPS
or single melatonin or in combination for 7 d (changing the medium
every 2 days), and living cells were examined by MTT assay.?* For
the morphological assessment, cellular morphology was measured
by the Laser holographic cell imaging and automatic algorithm soft-
ware.>* For phagocytic ability assessment, neutral red phagocytosis
was detected. For autophagy analysis, the cells were stained by uti-
lizing PE-conjugated anti-LC3-B or anti-p62 antibodies. In apop-
tosis analysis, the binding of ANXV-FITC with phosphatidylserine
was detected. In lipid raft detection, cells were stained by utilizing
filipin (0.05 mg/mL) for plasma membrane cholesterol, respectively
according to conventional methods. In ROS measurement, the fluo-
rescence spectrophotometer was utilized to measure the intracellular
fluorescence of DCFH-DA (F4600, Hitachi, Japan).

Western blot analysis

MI-like and M2-like macrophages were given LPS or single me-
latonin or in combination under the condition that adding or not of
MBCD (a kind of lipid raft inhibitor), WP1066 (a kind of selective
JAK2/STAT3 inhibitor) for 48 h. The expression levels of PD-1,
PD-L1, JAK2, and pStat3 were measured by Western blot analysis.
Following the manufacturer’s instructions (Pierce, Rockford, IL)
and using the ImagelJ software (NIH, Bethesda, MD, USA), band
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density was quantified, meanwhile, normalized to the correspond-
ing control group.

Animals

Female ICR ten-week-old mice were purchased from Henan Pro-
vincial Medical Laboratory Animal Center and were randomly
assigned by weight. Animals were fed standard fodder and water
and were raised in individual cages with timed light. All pro-
cedures were allowed by the Animal Experimentation Ethics
Committee of Henan University (permission number: HUSAM
2016-288), in addition, all operations were conducted according
to the Guide for the Care and Use of Laboratory Animals and the
Regulation of the Animal Protection Committee strictly. Animals
were executed via carbon dioxide overdose based on experimen-
tal needs.

LLC cell immune clearance

Immune clearance of LLC cells was evaluated by calcein-release
assay.?® Briefly, macrophages (F4/80+) were extracted and puri-
fied from the ICR mouse spleens using the MACS separation sys-
tem (Miltenyi Biotec, Bergisch Gladbach, Germany), then, treated
with LPS (10 ng/mL) in the presence of M1-like or M2-like cell-
conditioned medium for 24 h and collected as attacking cells. At
37 °C, LC cells were treated with mitomycin C and labeled by 10
UM calcein-AM as target cells and were seeded with macrophages
at 100:1, 50:1, and 25:1 (macrophages: LLC cells) ratios in a 96-
well plate for 6 h. The supernatants of each well were measured by
the Synergy2 multimode microplate reader (BIO-TEK) in a new
96-well plate. The number of detergent-released LLC cells was
taken as maximum release, and the number of LLC cells incubated
without the condition of macrophages was taken as the spontane-
ous release. (n = 5).

The calculating formula for immune clearance rate is as follows:

Computational formula of immune clearance rate

experimental release —spontaneous release
- 2P P x100%

maximum release — spontaneous release

To explore how the different macrophage immunophenotypes
influence macrophages, macrophages (F4/80+) from the ICR
mouse spleens cells were seeded in the lower culture chamber
(5 x 10° cells/mL) and were stimulated with LPS and M1-like or
M2-like cells were seeded in the upper culture chamber (2 x 10°
cells/mL) with the conditions of adding or not of anti-IL-10, anti-
TGF-p1, MBCD, WP1066. Co-culture at 37°C for 24 hours, after
that, the supernatant in the chamber was centrifugated for PD-L1
assay, and the filter inserts were stained by 5 mg/mL DAPI after
removing the adherent cells in the upper chamber for analyzing the
cell migration. The macrophages in the lower compartment were
harvested to conduct a surface PD-1 receptor assay by using a PE-
conjugated anti-PD-1 antibody.

Cytolytic assay

CFSE-7AAD staining assay was utilized to evaluate the cytolyt-
ic activity of LLC cells. Briefly, LLC cells were incubated with
CFSE-labeled M0, M1-like, or M2-like cells at 20:1 and 10:1 (MO,
M1, or M2 cells: LLC cells) ratios for 6 h. After adding the 7AAD,
cell suspensions were stood for 15 min on ice. Proportion of 7AAD
+ cells in the CFSE + cells were detected.
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Urethane-induced lung carcinogenesis model

Urethane (600 mg/kg), single administration or in combination
with LEC (4 mg/mouse) was intraperitoneally injected into mice
once per week for 8 weeks, according to our previous protocol.?’
Following the first time of urethane injection, mice were given me-
latonin (20 mg/kg/day) by gastric infusion once per day or LPS (1
mg/kg/day) by tail vein injection once a week single administra-
tion or in combination for 12 weeks. At thirteen weeks after the
first injection of urethane, orbital venous blood was harvested for
expression analysis of IFN-y, ROS, IL-2, TGF-B1, TNF-a, and IL-
10 by utilizing an ELISA kit. The mice were executed, the cell-free
alveolar fluid was harvested and centrifugated for cytokine assay
(IFN-y, ROS, IL-2, TGF-B1, TNF-a, and IL-10), then, the number
of total cells was counted by hanging the separated cells in 0.9%
sterile saline. Macrophages in the suspensions were enriched by
anti-F4/80-coated beads and purified by the magnetic cell sorting,
after that, these macrophages were stained by FITC-conjugated
anti-mouse CD86 and CD163 for the test of immunophenotypes.

Spleen macrophages (F4/80+) were separated by utilizing an
autoMACS separation system for assays of surface PD-1 and in-
tracellular IL-12 and iNOS.

The mean number of nodules in the lung of each mouse was fig-
ured out. A part of every lung was soaked in the 10% buffered for-
malin or routinely embedded in paraffin to be preserved. Sections
of the lung were stained and analyzed by immunohistochemistry
and immunofluorescence.?¢ The slides were co-incubated with pri-
mary antibodies (anti-PD1, anti-iNOS, and anti-CD31) overnight,
then, incubated with a second antibody for half an hour. The final
scores of immunohistochemical and immunofluorescence were
synthetically calculated by the intensity score and proportion score
by excluding the primary antibody and IgG matched serum, re-
spectively, as positive and negative controls.

And the lung vascular integrity was detected by the Evans blue
dye extra barrier experiment.?’

Tumor allograft model

LLC cells were utilized to establish the model of tumor allograft.
Two hundred microliters of saline containing 1 x 10° LLC cells
and 2 x 10° LPS-induced M1-like cells or IL-10-induced M2-like
cells were injected hypodermically into the axilla of mice to estab-
lish tumor allografts. The day after tumor cells inoculation, mice
were given melatonin (20 mg/kg) once per day through gastric in-
fusion and LPS (1 mg/kg) or LEC (4 mg/mouse) through tail vein
injection once a week or in combination for 3 weeks. The lengths
and widths per tumor were measured twice a week by using cali-
pers and the sizes per tumor were calculated as width? x length/2.
On the twenty-second day after tumor cells inoculation, the or-
bital venous blood of each mouse was harvested for serum assays
of IFN-y, ROS, IL-2, TGF-B1, TNF-a, and IL-10. The mice were
sacrificed, and the tumors were take-out and weighed, peritoneal
macrophages were enriched by anti-F4/80-coated beads and puri-
fied by the magnetic cell sorting, and macrophage immunopheno-
types were analyzed. Spleen macrophages were separated by using
the autoMACS separation system for assays of surface PD-1 and
intracellular IL-12 and iNOS. Moreover, the vascular integrity of
the tumor was analyzed by the Evans blue dye extra barrier experi-
ment.*

In the immune rechallenge study, 40 mice were injected hypo-
dermically in the midpoint position of tails with 50 pl LLC cells
suspension (1 x 107 /mL). The day after injection of cells, these
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mice were given melatonin (20 mg/kg) through gastric infusion
once per day and LPS (1 mg/kg) or LEC (4 mg/mouse) single or in
combination through tail vein injection once a week for 3 weeks.
Fifteen days after injection of the tumor, the primary tumor was
removed by cutting off the tumor-bearing tail, and these mice were
rechallenged by hypodermic inject 0.2 mL LLC cells suspension
liquid with the concentration of 5 x 10° /mL in the axillae, while
10 normal mice were challenged with identical LLC cells. The vol-
ume of the tumor was detected by a caliper. At thirty-six days, the
same examination above was performed on these mice.

The mechanism of melatonin on macrophages regulation

GSES099 were downloaded from GEO online database, M1 mac-
rophage related up-regulated and down-regulated genes (mac-
rophages at day 7 vs IFN-y and LPS treated macrophages) were
exhibited by the tool of GEO2R, and the human structures of these
differential proteins were downloaded from the protein data bank
(PDB) for molecular docking. The chemical structure of melatonin
was downloaded from PubChem, and the docking was performed
by systemsDock. These potential targets have the condition of a
docking score that is greater than 5. GO and KEGG analyses were
performed by using the DAVID database, meanwhile, the protein-
protein interactions (PPIs) of potential targets were downloaded
from the String database, and hub genes were selected by Cy-
toscape.

Statistical analyses

The data were statistically analyzed using GraphPad Prism, Ver-
sion 5.0 (San Diego, CA, USA) and are presented as the mean +
SD. The sample size of the experiments was decided by experi-
mental need, and the experiment was repeated three times. The
differences between the two groups were evaluated using a t-test.
A P value of less than 0.05 was considered statistically significant.

Results

M2 macrophages had an opposing effect on LLC cells compared
to that of M1 macrophages

It was reported that cancer-associated macrophages have M2-like
characteristics and exert tumor-promoting actions, unlike M1-like
macrophages, which show antitumor functions.?® To explore these
properties, we induced Raw264.7 macrophages to polarize into
M1-like cells by short-term stimulation of single LPS and M2-like
cells by lasting stimulation of single LPS. As expectedly, the ex-
pression of surface CD86 in M1-like cells is high, and the expres-
sion of surface CD163 in M2-like cells is high (Fig. 1a, b), and
the cell distribution also indicated their morphological changes of
them (Fig. 1c, d). In neutral red phagocytosis, M1 cells are not
significantly different from M2 cells (Fig. le); however, M2-like
cells had a decline in levels of ROS (Fig. 1f), IFN-y, TNF-a, NO
(Fig. 1g) and an increased levels of PD-L1, IL-10, TGF-B1 (Fig.
1h). Simultaneously, M2-like cells had decreased autophagy and
autophagic efflux indicated by the less LC3-B and the more p62
(Fig. 11). In function, M1-like cells had stronger cytolytic activity
on LLC cells than M2-like cells (Fig. 2a), M1 cell-conditioned me-
dium (M1-CM) had also a stronger inhibitory effect on LLC cell
proliferation (Fig. 2b) and resulted in more apoptotic rates (Fig.
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2¢) than M2 cell-conditioned medium (M2-CM). As there was no
significant difference between the control medium and MO condi-
tion medium in the MTT assay, and considering the purpose of
this experiment is to investigate the effect of the combination of
LPS and melatonin on macrophages to prevent lung cancer, M0
conditioned medium was no longer used as a negative control in
subsequent experiments. In addition, the coculture of M1-like cells
with NK cells decreased PD-1 expression of NK cells, which was
promoted by that of M2-like cells, this efficacy could be aborted
by pretreatment of MBCD, anti-TGF-B1 antibody, and anti-IL-10
antibody in M2-like cells but not in M1-like cells, indicating a lipid
rafts/cytokines dependent effect of M2 macrophages on NK cell
function (Fig. 2d). Consistent with this result, M1-CM promoted
immune clearance of LLC cells by NK cells (Fig. 2e), which was
prevented by M2-CM.

M2 macrophage function is associated with lipid rafts and JAK2/
STAT3 signal

Large amounts of signal transduction related to cell survival, mi-
gration, and cell adhesion are dependent on lipid rafts.?’ Based on
the above results, we detected differences between M1-like mac-
rophages and M2-like macrophages in lipid rafts and signal acti-
vation. The results showed that M2-like macrophages had more
lipid rafts compared to M1 cells., as indicated by membrane cho-
lesterol (Fig. 2f). Simultaneously, M2-like cells produced more
JAK2/pSTAT3 activation and PD-L1 than M1-like cells (Fig. 2g),
WP1066, a JAK2/STAT3 signal blockade, could decrease PD-L1
production in M2-like cells (Fig. 2h), indicating the relevance of
M2 macrophage function to lipid rafts and JAK2/STAT3 signal.

Melatonin decreases M2 macrophages to reverse the mac-
rophage tolerance of LPS

Macrophages may be tolerant to LPS, an effect that lasts for a
period of time.*" To explore how macrophages become tolerant
to LPS, we observed the effects of melatonin and LPS on mac-
rophage polarization. As expected, lasting LPS treatment led to a
transformation of macrophage immunophenotype from M1 toward
M2 immunophenotype indicated by surface decreased CD86 and
increased CD163 expression (Fig. 1a, b), this result was further
confirmed by morphological changes (Fig. Ic, d ). At the dose of
10 uM, Melatonin was not found to affect cell viability, however,
could decrease M2 macrophage under the condition of repeated
LPS treatment (Fig. la—d). Simultaneously, melatonin could pro-
mote a function shift of macrophages from the M2 to M1, such
as, increased ROS (Fig. 1f), enhanced autophagy and autophagic
efflux (Fig. 1i), and decreased lipid rafts and JAK2/STAT3 acti-
vation (Fig. 2f, g). The inhibitory effect of melatonin on JAK2/
STAT3 activation and PD-L1 production was attenuated or aborted
by WP1066 (Fig. 2h).

Melatonin inhibits macrophage M2 phenotype to reverse LPS-
mediated carcinogenesis in a urethane-induced lung cancer
model

To illustrate the influence of macrophages in carcinogenesis, we
explored the immunophenotypes of macrophages in the mouse
lung cancer model induced by urethane, this model is generally
established to investigate the basic biology of lung cancer and
to find a new intervention strategy for lung cancer. In our study,
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the mice were given melatonin or LPS for twelve weeks. At thir-
teen weeks, lung cancer nodules were visible under the naked
eye (Fig. 3a). The number of lung cancer nodules was 26.2+4.1
in the control group, the heterogeneity of tumor histology can be
ignored (Fig. 3b). As was expected, there was a positive corre-
lation between macrophage infiltration in alveolar cavities and
lung cancer in the control group (Fig. 3c, f), these macrophages
presented an M2 phenotype indicated by surface fewer CD86 and
more CD163 expression (Fig. 3c—f). Consistent with this result,
the levels of IFN-y, IL-2, and TNF-o decreased, while the levels of
IL-10, TGF-B1, and ROS increased in alveolar cavities and serum
in control mice compared to those of normal mice (Fig. 3g, h),
indicating immune tolerance and chronic injury. LPS alone did not
prevent lung carcinogenesis but promoted these incidents (Fig. 3a,
b), an increase in macrophage surface CD163 and the levels of
ROS, TGF-B1, and IL-10 compared to those of control mice (Fig.
3c—f), indicating M2 polarization. Both melatonin and macrophage
depletion mediated by LEC inhibited lung carcinogenesis (Fig. 3a,
b), with the increase of a proportion of macrophage surface CD86
to CD163 and Thl cytokines (IFN-y and IL-2) to Th2 cytokines

206

(IL-10 and TGF-B1) compared to those of control mice (Fig. 3c—f),
indicating immune surveillance recovery. Importantly, the combi-
nation treatment of melatonin and LPS reversed the effect of lung
carcinogenesis-promoting of LPS (Fig. 3a, b), accompanied by a
reduction of the M2 macrophages indicated by macrophage sur-
face CD86 and CD163 expression and the levels of IFN-y, IL-2,
TNF-a, IL-10, TGF-B1 and ROS (Fig. 3¢c—f).

Natural killer (NK) cells play a significant role in the antitumor
immunity, to determine whether macrophages are involved in NK
cells-associated anti-tumor function, we examined the percentage
of spleen PD-1" NK cells and memory NK cells (NKG2C* NK-
G2A"). The result showed that there was an obvious rise in the pro-
portion of spleen PD-1* NK cells and a significant reduction in the
proportion of spleen memory NK cells in control mice compared
to those of normal mice (Fig. 4a, b), these trends were promoted
by LPS but were attenuated by melatonin alone or in combination
with LPS and macrophage depletion induced by LEC (Fig. 4a, b),
which was consistent with the changes of macrophage phenotypes,
suggesting an inhibitory effect of M2 macrophages on NK cells.
Consistent with this result, lung tissues had more infiltration of
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Evans blue dye (Fig. 4c) and more CD31 immunofluorescence
(Fig. 4d) in the control group compared with those normal mice,
which indicates chronic inflammation and angiogenesis. Immuno-
histochemistry showed that lung tissue had more PD-1 and fewer
iNOS in control groups compared with normal mice (Fig. 4¢), sug-
gesting an immunosuppressive microenvironment. LPS promoted
this chronic inflammation, angiogenesis, and immunosuppressive
microenvironment, while they were attenuated by melatonin alone
or in combination with LPS and macrophage depletion induced by
LEC (Fig. 4c—e).

Melatonin decreases M2 macrophages to promote LPS-induced
tumor suppression and enhance tumor immunorejection of
short-term LPS challenge in the LLC allograft model

To further investigate the influence of macrophages with differ-
ent phenotypes in tumor progression, the allograft model of LLC
tumor, synchronously, macrophages with M1 phenotype or M2
phenotype were intravenous injected into tumor-bearing mice
separately. The M2 cell injection manifests the effect of promot-
ing carcinoma, whereas the M1 cell injection manifests the effect

on preventing carcinoma growth (Fig. 5a, b), indicating protu-
mor and antitumor functions of macrophages, respectively. Un-
like the lung cancer model induced by urethane, in the allograft
model, melatonin (20 mg/kg) or macrophage depletion had an
insignificant suppression on neoplasm growth, but LPS showed
a significant suppressive effect on tumor progression (Fig. 5a, b).
The tumor-suppressing effect of LPS was enhanced by melatonin,
macrophage depletion, and injection of macrophages with M1
phenotype (Fig. 5a, b). In this model, the intratumor infiltration of
Evans blue dye was increased by LPS and M1 cell injection alone
or in combination but was deceased by LEC-induced macrophage
depletion, melatonin, and M2 cell injection (Fig. 5¢). The assay
of intratumor macrophage phenotypes showed that the infiltrated
macrophages expressed more surface CD163 than CD86 in the
control group, indicating an M2 phenotype (Fig. 5d), which was
reversed by LPS, M1 cell injection, and melatonin alone or in
combination, but was promoted by M2 cell injection, indicating
a dependence of LPS anti-tumor on M1 phenotype. Spleen NK
cell analyses showed that PD-1* NK cells increased and memory
NK cells reduced in control mice compared with those of nor-
mal mice (Fig. 5e, f). However, contrary to the lung cancer model
induced by urethane, the results of this model, indicate that the

208 DOI: 10.14218/ERHM.2022.00014 | Volume 7 Issue 4, December 2022


https://doi.org/10.14218/ERHM.2022.00014

Gao F. et al: Melatonin combined with LPS prevents lung cancer Explor Res Hypothesis Med

a

b
- DONEE -

M1 aa £
o 22 5%
X ITITE |
g =3
E 1 s
9V 9496 .
# . &
“Qdddaa

LPS+Mel Q ] @ @ @ s

7 300
= @URAAQ .
> = ) g
LPS+LEC ; 6 @ @ ’ P §§2oo §§
- £ E
sl @ Q@ @ 9 3 o § £ 00 S5
o £ s H
WWQ§Q‘QWE £
T g L
&‘&*\N @ésyﬁe&c,v@cx@x&
¢S Qg @x&%s}%
hd V)

S
«
o
g
£
Q
g
z
P AL VPP RE S O
S S IPFL LI EF S SFSEFTIFIFSHFIFIFF P
e’ g VS e S S
F F IS ) F O

"3
S
®
=3
3
S
S

Y
S

600

Y
S

400

I
k-3

I
S

)

S

200

Serum ROS (U/ml)
g
Serum IL-10 (pg/ml)
Serum TGF-f ; (pg/ml)

> OO0 D O L L DO
ST SELEEEAS
FFFY

= _ .
5 i :
Z E) E
> g :
] &
£ 3 :
£
E : 5
- g g
A 2 :
P RSy > O > & o
SLEPLLLFES® SELELS, &\?ov@(;( £ RS
QN 3 L P PO & Vs
S F IS & FFS

Fig. 5. Melatonin decreases M2 macrophage2 to promote the tumor-suppressing effect of short-term LPS challenge. (a) and (b) Tumor and tumor weight
in an LLC tumor allotransplantation model (n = 6). (c) Lung tissue permeability were detected by Evans blue dye extra barrier experiment (n = 6). d) Peritoneal
macrophage immunophenotypes detected by immunofluorescence (n = 6). (e) The percentage of spleen PD-1* NK cells (n = 6). (f) The percentage of spleen
memory NK cells (n = 6). (g) Serum cytokine levels (n = 6). ¥P < 0.05, **P < 0.01. Mel: Melatonin. LEC, liposome-encapsulated clodronate; LLC, Lewis lung
carcinoma; LPS, Lipopolysaccharide.

DOI: 10.14218/ERHM.2022.00014 | Volume 7 Issue 4, December 2022 209


https://doi.org/10.14218/ERHM.2022.00014

Explor Res Hypothesis Med

inhibitory effect of M2 phenotype on NK cell effect was also at-
tenuated by LPS, while it was suppressed by M1 cell injection,
melatonin, and LEC-induced macrophage depletion but was pro-
moted by M2 cell injection (Fig. 5e, f). This result was proved by
the levels of antitumor-related serum ROS, IFN-y, IL-2 as well as
TNF-0, and the levels of protumor-related serum IL-10 as well
as TGF-B1 (Fig. 5g). The dependence of LPS anti-tumor on M1
phenotype was further proved in an LLC cell rechallenge immune
experiment where the rechallenge control mice showed a smaller
tumor than tumor-bearing normal mice, indicating tumor rejec-
tion in the tumor rechallenge mice (Fig. 6a). This tumor rejection
was promoted by LPS and melatonin alone or in combination,
and the combined effect of LPS and melatonin could be abro-
gated by LEC-induced macrophage depletion (Fig. 6a). The as-
say of peritoneal macrophage phenotype showed the correlation
between tumor rejection and M1 cells indicated by surface CD86
and CD163 (Fig. 6b). Spleen NK cell assay showed the reduced
PD-17 NK cells and the increased memory NK cells in rechal-
lenge control mice compared to those of tumor-bearing normal
mice (Fig. 6¢, d), indicating a dependence of NK cell immunosur-
veillance on M1 cells. This result was also further confirmed by
the levels of antitumor-related serum ROS, IFN-y, IL-2 as well as
TNF-o0, and the levels of protumor-related serum IL-10 as well as
TGF-B1 (Fig. 6e). These parameters could be shifted toward im-
munosurveillance by LPS and melatonin alone or in combination,
and the combined effect of LPS and melatonin could be abrogated
by LEC-induced macrophage depletion (Fig. 6b—e), revealing that
macrophages play an indispensably important role in the second-
ary immunity and the immune memory.

Melatonin regulates macrophages by targeting the multi-protein
network

We searched and collected 590 upregulated and 994 downregulat-
ed genes (P<0.05, LogFC < —1.5), these genes are closely related
to tumor-associated macrophages and 181 targets of melatonin
regulating macrophages were selected by Docking scores (Fig.
7a). And 4 key genes (JAK2, STAT3, PIK3CA, and AKT1) were
selected by the PPI network that was hub targets of melatonin reg-
ulating macrophages (Fig. 7b), A total of 136 potential targets have
a docking score >6.0 (pKd/pKi) were screened out The analysis of
GO enrichment elaborated that the potential targets of melatonin
were mainly related to these biological processes, include “signal
transduction”, “innate immune response”, “cell proliferation”,
“protein phosphorylation” and “apoptotic process” (Fig. 8a). The
analysis of KEGG enrichment elaborated that these potential tar-
gets were primally participated in the “Pathways in cancer”, “TNF
signaling pathway” and “JAK/STAT signaling pathway” terms
(Fig. 8b), which is consistent with our experimental results.

Discussion

Cancer may arise from alterations in different physiological pro-
cesses and is refractory to cure due to unknown etiology and ge-
netic heterogeneity. Based on self-healing ability, immunotherapy
has been a great expectation against distinct types of cancer.3!-3¢
Current immunotherapies targeting different cellular checkpoint
controllers emerged as having either innate or acquired resistance
due to the immunosuppressive tumor environment, guiding the
direction of developing cancer immunotherapy.?” The object of
cancer immunotherapy is to stimulate a long-lasting immunosur-

Gao F. et al: Melatonin combined with LPS prevents lung cancer

veillance, maintaining the antitumor immunity.’® Macrophages,
as the first-line immune responders in the innate immune system,
are responsible for non-resolving inflammation in tumors. Un-
derstanding the roles of macrophages in the neoplastic immune
response may help develop new immunotherapeutic strategies
and enhance the response rate of immunotherapy.’® Macrophages
can manifest pro- or antitumorigenic effects, which depend on the
immunophenotype. Recent studies have demonstrated that target-
ing TIMs can reverse the immunosuppressive tumor microenvi-
ronment and stimulate robust tumor-specific immune responses,
which is consistent with the fact that immunosuppressive TIMs
are abundant in the tumor microenvironment and are positively
correlated with poor prognosis. Therefore, maintaining the anti-
tumorigenic phenotype of macrophages rather than completely
depleting TIMs represents a new cancer immunotherapy strat-
egy. 4041 LPS is an effective trigger of macrophage-mediated in-
flammation and is recognized as an effective antitumor drug in
animal tumor models.*! Its application, however, in human cancer
treatment was not very successful due to LPS-induced tolerance,
a state of altered responsiveness in macrophages, which results in
poor tumor response and is a primary cause of secondary hospi-
tal infections. Previously, Novakovic et al. reported that 3-glucan
could reverse the epigenetic state of immunological tolerance in-
duced by LPS to reduce overall sepsis mortality.*? In this study,
we first showed that the combination of LPS and melatonin could
reduce macrophage polarization toward M2-like cells and there-
fore manifested a lasting antitumor effect, suggesting a novel ef-
fective strategy for reversing LPS tolerance.

Macrophages can be activated in response to different agents
to become M1 and M2 macrophages and thus exert different
functions. It is well known that LPS has the ability to polarize
macrophages toward the M1 phenotype, which exerts the proin-
flammation and antitumor effects.*} Consistent with these func-
tions, in an animal model, LPS demonstrated a therapeutic effect
on the transplanted tumor.** In small clinical trials, LPS also has
the effect of alleviating symptoms and stabilizing the state of an
illness in cancer patients.*> However, LPS is responsible for the
biological properties of bacterial endotoxins, which are potent
inflammagens and result in fever, septic shock, toxic pneumo-
nitis, and respiratory symptoms.*5 Although a cohort study sug-
gested that long-term exposure to endotoxin was connected with
a decreasing risk of lung cancer,*®*” however, in clinical trials,
LPS even pretreated with ibuprofen resulted in the unavoidable
LPS-mediated clinical toxicities.*® In addition, subsequent LPS-
induced macrophage resistance after activation was also an ob-
stacle that prevented durable tumor response to macrophages.
Despite intense investigations of various epigenetic and genetic
changes in tolerant macrophages for many years, a unifying
mechanism that is responsible for LPS tolerance remains elu-
sive.**-5! It has been reported that the hyporesponsiveness of
most LPS target genes in tolerant macrophages.>? In the present
study, Raw264.7 macrophages were induced to polarize to M1-
like cells by a short-term LPS challenge but toward M2-like cells
by a long-term LPS challenge, suggesting a critical process of
LPS tolerance in macrophages.

Melatonin is a molecule with multifunction and has manifold
physiological and pharmacological actions.>* Melatonin generally
plays a balancer in immunity and inflammation to check and bal-
ance.>* Generally speaking, M1-like TIMs are regarded to be the
regnant phenotype in early tumor stages, and M2-like TIMs are
more regnant during the further process of cancer development.**
Melatonin is an immunostimulator that drives an activated immu-
nocyte state in favor of effectively clearing pathogens under nor-
mal or immunosuppressive conditions, while it acts as an immuno-

210 DOI: 10.14218/ERHM.2022.00014 | Volume 7 Issue 4, December 2022


https://doi.org/10.14218/ERHM.2022.00014

Gao F. et al: Melatonin combined with LPS prevents lung cancer Explor Res Hypothesis Med

QO
O

300 300
) g g . = .
= b} o @0
i) % 2 2004 % = 200
g £8 £5
z g< gs
o = © = ©
E S w o W
= £ 5 1001 £ 5 100
= £ 3 g3
E £
o_
é
L)
L)
30- k%
—
&
204 ' 1

800
= = g
g ! ) 4
= —% — . & 600
e & 404 E =
wn T
S = 2 400-
& = e
g £ 20- £
£ s £ 2001
@ 3 g
wn wn
] Z : 04
> & P & @& &
& R F & F ¥
é& oe“ hd Qgﬁs e,><\’ ée‘ CPQ S z,\x\) <
4V x@ v %xﬁs
<° $

=
E g
2 £
en
= =
(]
2 3
£ g
£ 5
R wn
R > & > > < > > > >
S R R N
¢ & X & ¢ & X
S %S‘ S %ﬁ\
$ §

Fig. 6. Melatonin decreases M2 macrophages to keep tumor immune rejection. (a) Tumor weight in the rechallenge immune study. (n = 6). (b) Peritoneal
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suppressor that urges immunocytes to enter an inactivated state that
suppresses inflammatory reactions under excessively inflammatory
conditions.555¢ Several studies found that melatonin had an exciting
potential to override the immunosuppressive tumor environment.>’
Various reports have shown that melatonin promotes 80% survival
in lethal LPS-treated mice and significantly reduces the LPS-treated
mortality in mice and rats by correcting the LPS-induced inflam-
matory imbalance with decreased levels of NO and lipid peroxida-

tion.%5 In addition, a recent study demonstrated that melatonin
could suppress indoleamine 2,3-dioxygenase-1 (IDO1) (a key im-
munomodulatory enzyme associated with cancer immune escape) to
overcome tumor-mediated immunosuppression.f:*! Based on these
results, we believe that the combination of LPS and melatonin can
maintain macrophage sensitivity to LPS and simultaneously limit
excessive pathogenic stimuli to avoid a “macrophage exhaustion”
phenotype. Consistent with our hypothesis, in this study, the combi-
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nation of LPS and melatonin resulted in optimal cancer prevention
in a urethane-induced lung carcinogenic model and LLC allograft
model without significant side effects. In addition, we found that if
macrophages repeatedly challenged by LPS will have a high level
of surface lipid rafts and JAK2/STAT3 activation, which prevented
both M1-like polarization and immune responses, melatonin, how-
ever, could decrease surface lipid rafts and JAK2/STAT3 activation.
The bioinformatic analysis illustrated that the potential targets of
melatonin related to macrophages regulation were mainly involved

9 ELNTS

in “inflammatory response”, “signal transduction”, “cell prolifera-
tion” “innate immune response” and “negative regulation of apop-
totic process”, indicating the function of melatonin acting on multi-
target networks, such as “Jak-STAT signaling pathway”, “Toll-like
receptor signaling pathway” and “Chemokine signaling pathway”,
whereby melatonin induces M2 macrophage apoptosis to reverse
LPS-stimulated immune tolerance. We used a pharmacological
blocker to prove the importance of Jak-STAT signaling in the mel-
atonin-maintained macrophage phenotype, and JAK2/STAT3 signal
blockade prevented M2-like macrophages from producing PD-L1
and NK cells from expressing PD-1, whereas lipid raft depletion
decreased M2-like macrophage JAK2/STAT3 signaling, indicating
an association of M2 macrophage functions and the feedback loop
of lipid rafts - JAK2/STAT3-PD-L1. Of course, it is just one of the
important feedback loops.

Historically, bacterial therapy as oncolytic agents has been rec-
ognized for malignant brain tumors, which indicated that the sur-
vival time of patients with infections at the resection site of ma-
lignant glioma is prolonged, and cancer vaccines were assumed to
be based on immunotoxins of bacterial origin.®* It was previously
reported that occupational exposure to endotoxin in organic mate-

rial reduced the risk of lung cancer among workers employed <35
years but increased the risk of lung cancer among those employed
>50 years, implying a cancer-promoting action of endotoxin toler-
ance.%% In fact, LPS has been used for tumor destruction for many
years, such as a report by Chicoine et al. that intratumor injection
of LPS could cause the regression of subcutaneously implanted
mouse glioblastoma multiforme in animal tumor models.®S Goto S
et al. also reported that intradermal LPS administration has a sig-
nificant curative effect in three of five evaluable human cancer, sug-
gesting that LPS is a potent antitumor agent.®® However, only one
trial of LPS used in human cancer therapy declared a poor tumor
response and unbearable side effects. In addition, LPS inhalation
can also produce both a systemic and a bronchial inflammatory re-
sponse.%7:%8 Therefore, it is necessary for LPS used as an antitumor
agent to balance its inflammatory response and tolerance. In this
study, melatonin induces M2 macrophage apoptosis and enhanced
the anti-tumor effect of short-term LPS stimulation, providing a
safe and effective strategy for the clinical application of LPS, and
this therapeutic strategy is worth investigating.

Future directions

LPS as endotoxin, a cell wall component of gram-negative bacteria,
was previously used for tumor destruction for many years, however,
LPS use in human cancer therapy declared a poor tumor response
with a cancer-promoting action of endotoxin tolerance, indicating
LPS as either a potent antitumor agent or a cancer-promoting agent
in an immune state dependent manner. Our study showed that the
use of LPS combined with melatonin could promote tumor immu-
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norejection, which suggests a correlation of M2 macrophage po-
larization with LPS-stimulated “macrophage exhaustion” and offers
a novel therapeutic strategy for LPS preventing lung cancer. This
strategy is to reeducate macrophages in the tumor microenvironment
rather than to kill macrophages, which creates a harmony between
system and immunity and is worth being explored in clinics.

Conclusions

In summary, our findings identify melatonin as a key maintainer of
macrophage phenotypes to maintain system immune surveillance,
which can induce LPS-stimulated M2 macrophage apoptosis and re-
verse tumor-promoting effect of the lasting LPS stimulation, and pro-
vide a novel strategy for immune-enhanced lung cancer prevention.
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